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Abstract 
Plastic waste is recognized to have pertinent disposal or reprocessing problems under environmental and economic sustainable 
conditions. These developments may be a challenge for industrial and academic research. In this context pyrolysis represent a 
modern, effective alternative to undergo treatment of waste as long as it has the potential to generate value-added products. 
Anyway enhancements in the heat transfer technology are vital to optimize the efficiency of the process itself. This work 
prominences on the use of microwave irradiation as one of the most gifted heating technologies for pyrolysis, due to its ability to 
heat quickly and directly any microwave absorbing material. A microwave reactor was designed and fabricated using a 
microwave oven operating at a frequency of 2.45 GHz with a variable energy output up to 5 kW, quartz reactor, condensers and 
cold trap; this made the design appealing for any future industrial-sized microwave reactor. The optimal pyrolysis working 
condition led to the production of a suitable product for a fuel application. A mixture of various types of plastics is taken as 
samples. Carbon was used as the microwave absorbent. The pyrolyzed products (oils/waxes) were analyzed using various 
techniques like GCMS, FTIR and TGA. The char obtained after pyrolysis is characterized using techniques like SEM and XRD. 
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1.Introduction 
 
Due to the continuous innovation, plastic production is increasing enormously. The total manufacture of plastic 
material has grown from around 1.3 million tons in 1950 to 520 million tons in 2015. Obviously, the plastic waste 
generation is also increasing. Increasing cost and decreasing space of landfills are imposing thoughts of 
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alternativeoptions for plastic waste disposal. Numerous treatment, reprocessing and recovery methods have been 
developed for plastic waste that can be cautiously and environmentally viable. Recently, ample attention has been 
given to chemical recycling as a possible method of plastic waste recycling. In pyrolysis, plastic waste is getting 
converted into various hydrocarbon fractions like gas, naphtha, gas oil etc. Tubular, semi-continuous and batch 
reactors are used for carrying out this reaction. [1].  The reactor type being used has to be given intense importance 
because a large amount of heat should be transferred across the reactor wall to ensure the heat of polymer 
degradation. The pyrolysis experiments were mainly operated at laboratory conditions because of the limited 
information available, but many countries are evolving various processes for waste polymer pyrolysis. In this 
context, arises the use of microwave technology for carrying out the pyrolysis process. Microwaves are the portion 
of the electromagnetic spectrum between 300 MHz and 3 GHz. The practical production and application of this 
frequency band was first carried out during World War II in the development of high-definition radar. [2, 3] During 
this time the cavity magnetron was invented with inexpensive, highly effective, high-power microwave source that 
permitted the application of microwaves for an extensive range of purposes. The heating of a material by 
microwaves arises from the resistance of movement by dipoles and charged species to the forces imposed by the 
alternating electromagnetic microwave field. Generally, there are three qualitative ways in which a material can be 
categorized with respect to its interaction with the electric field component of the microwave field: (i) insulators, in 
which microwaves pass through without any losses, (ii) conductors, where microwaves are reflected and cannot 
penetrate, and (iii) absorbers. Materials that absorb microwave radiation are known as dielectrics hence microwave 
heating is also denoted as dielectric heating. There are several mechanisms that contribute to the dielectric response 
of materials which include electronic polarization, ionic conduction, atomic polarization, dipole polarization, and 
interfacial or Maxwell-Wagner polarization mechanisms. At microwave rates, only dipole and Maxwell-Wagner 
polarizations result in the transfer of electromagnetic energy to thermal energy [4]. In polar organic-solvent systems 
at non-extreme temperatures, the dipole polarization mechanism is the reason for the majority of the microwave 
heating effect, while in some carbon-based materials the interfacial polarization holds good. In this study waste 
plastics are taken as feed which is not a dielectric material, hence the carbon black which is a dielectric is mixed 
with plastics before the reaction. Carbon will absorb the microwave radiations and causes the temperature to 
increase, which helps the plastics to undergo the reaction. 
 
 
2. Materials and Methods 
 
2.1 Materials 
 
A mixture of plastics which simulates the configuration of real plastic waste streams rejected from industrial sorting 
plants and plastic waste from household activities were prepared for the pyrolysis experiments. All the plastic 
materials were used in pellet size of ≈3 mm for the pyrolysis experiments. The microwave absorber used in this 
experiment is carbon black. The particulate carbon is a waste material consisting of coke that forms the bottoms 
residue of distillation towers. Different sizes of carbon particles were separated by sieving and only particles less 
than 300 mm were used during the experiments. The inert atmosphere was created inside the microwave oven by 
using a commercial grade nitrogen cylinder. 
 
2.2 Methods 
 
The experimental setup comprises of a modified microwave oven with a maximum power output of 5 kW. The oven 
has 4 magnetrons, which can give a power output of 25, 50, or 75% of the maximum, with a continuous generation 
of microwaves rather than with on/off cycles. The reactor is a quartz vessel. The reactor has an agitation system that 
consists of an impeller with two 45° pitched blades, 11mm-diameter (pipe) stainless steel shaft, and a motor with a 
maximum speed of 6 RPM. The temperature of the mixture in the system is examined using two thermocouples; one 
is ducted into the carbon through the center of the shaft and the other one enters the reaction chamber through a port 
on the top of the reactor. The reactor is gravity fed using the top feeder. Valves permit an inert gas to purge the 
incoming material to avoid the presence of oxygen in the reactor. The flow rate of the purging/carrier gas is 
monitored using a Rota meter. The products of pyrolysis leave the reactor and pass through a system of condensers 
that has a main collection flask, two water-cooled Liebig condensers, and two cold traps. [4] After the two cold traps 
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the incondensable gases flow through a cotton wool filter to collect any aerosols present, before leaving the system. 
The experimental apparatus developed and used during this investigation is shown in Figure 1.  
 
 
 
 
Figure 1 Experimental Setup 
 
The condensed products are characterized using TGA, FT-IR and GC-MS. Perkin Elmer STA 6000 model is used 
for conducting a Thermo Gravimetric Analysis. The inert atmosphere is created using nitrogen with a flow rate of 
19.8 ml/min. TGA of the sample is done at heating rate, 10 °C/minute. Perkin Elmer UTAR Series Two model was 
used for doing FTIR analysis. To identify the different substances present in the condensed liquid the GC-MS 
analysis was also done. The char obtained after pyrolysis is taken from carbon and a small quantity of this is used 
for SEM analysis. Surface physical morphology and surface microanalyses were detected using a Hitachi SU6600 
Scanning Electron Microscope (SEM) equipped with an X-ray energy dispersive spectroscopy (X-EDS) for 
microanalysis. Samples (granules of 0.3-0.5 mm) were mounted on a carbon tape and moved into the analysis 
chamber; images and spectra were collected under reduced pressure (133 Pa). X-ray diffraction analysis was carried 
out using a Rigaku Mini Plus table top XRD with radiation CuK 1= 1.545˚A, operating at 40 kV, 30 mA, 2 range 3-
120◦, a High Score data acquisition and interpretation software. A zero background sample holder was used. 
Crystalline phases were recognized using the ICDD database. 
 
3. Results and Discussions 
 
3.1 Batch Microwave Assisted Pyrolysis Using Carbon 
 
The pyrolysis of plastics produced a mixture of gaseous hydrocarbons, some of which, once they left the hot zone of 
the reactor, condensed into a suspension of liquid droplets. This aerosol was visible entering the condenser, and 
provided a visual clue as to the progress of the pyrolysis reaction. The reactor was maintained at the target 
temperature until more of the pyrolysis aerosol was generated. At this point the microwave heating was switched 
off, and the reactor was allowed to cool. During this time the dry ice in the condenser sublimed, and any frozen 
condensed sample melted into the collecting cylinder. Non-condensable gases continued to be collected throughout 
this time. 50ml each of plastic and carbon were taken and 5.5 ml of condensed product was collected. 
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Figure 2. Condensed oil and char obtained 
 
3.2 Product Analysis 
 
3.2.1 Visual assessment  
 
The oil produced from the mixture of plastics is slightly viscous. It is about mixed consistency and homogeneous 
products resulted that was entirely liquid at room temperature. 
 
3.2.2 Fourier Transform Infrared Spectroscopy (FTIR) 
 
 
 
Figure 3. FTIR spectrum of pyrolysis oil mixture 
 
The FTIR spectrum showed bands at 3000 cm-1 which clearly signifies the presence of aromatic compounds. The 
presence of non-aromatic compounds were also indicated at 2854 cm-1 which shows the presence of stretch 
aldehydes. The bands between 2230 and 2161 cm-1implies alkynes. Alkenes are represented by bands between 1236 
and 1000cm-1. The presence of acids is also identified in the spectrum. 
 
 
3.2.3 Thermo Gravimetric Analysis (TGA) 
 
The descending thermal curve designates a weight loss occurring during the temperature range from 0°C to 800°C. 
It is observed that as temperature increases the weight loss remains undeviating till a particular temperature 
subsequently a sudden reduction in weight occurs. It can be witnessed that the thermal degradation is a triple step 
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process, where a beginning step was approximately at 0°C -200°C from α = 0.01 to 0.1, an intermediate step was at 
200°C -450°C  from α=0.1 to 0.9 and a final step was at 450°C-850°C from α=0.9-0.99. This indicates that the 
product obtained is thermally stable. 
 
 
 
 
Figure 4. TGA of pyrolysis oil of mixture 
 
 
3.2.4 Gas Chromatography - Mass Spectroscopy (GC-MS) 
 
Figure 5 shows typical examples of GC/MS chromatograms of the condensed pyrolysis products produced using 
coke reactor beds. The chromatogram obtained is similar to those produced by other researchers investigating the 
pyrolysis of polyethylene [2]. Usually obtained is the regular series of peaks, with each peak grouping further along 
the chromatogram conforming to the group of hydrocarbons with one additional carbon atom in their molecular 
formula. The largest and most clearly recognizable of these peaks is composed of, for each carbon number, a 
terminal alkadiene, followed by a 1-alkene, followed by n-alkane (in order of increasing retention time), this triple 
peak grouping has been identified by researchers conducting similar analyses of the condensed pyrolytic products of 
polyethylene. These regular triple peaks provided valuable information that could be used to identify compounds in 
the event that they were either not contained in the spectral database, or if the match to the database for a peak was 
unclear (generally molecules larger than C25 were not present in the NIST database).  Since this sample is a mixture 
of different types of plastics, in addition to hydrocarbons, the GCMS analysis shows the presence of various acids 
like hexadeconoic acid, 9, 12, octa 73 decadionic acid and 9 octadecinoic acid. 
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Figure 5. GC-MS spectrum 
Providentially, the regularity with which the peaks occur (a grouping is present in every carbon number in the 
sample) provided a dependable way with which to measure the carbon numbers of unidentified peaks; furthermore, 
the order with which different molecules elute remains consistent. 
 
3.3 Char characterization 
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3.3.1 Scanning Electron Microscopy (SEM)
SEM is often used to describe the surface morphology of char. The change in physical structure occurred during 
thermal degradation have been detected by SEM. The SEM image (Figure 6) of char clearly shows the presence of
pores on the surface due to removal of volatile components. The pore density, improved as the temperature of the 
pyrolysis increases and found to be maximum at 1000oC. All chars can be identified with spherical hollows, but 
chars obtained at higher temperatures have extremely hollow structures. Compared to other literatures [14] no
significant morphological variation was evidenced among the char obtained at different P/M2in a complete
pyrolysis.
Figure 6. SEM images of char
3.3.2 X Ray diffraction
In the X-ray spectra of chars (Figure 7), the broad bands designate a highly disordered structure in chars, which 
comprise both amorphous carbon and aliphatic side chains. Nevertheless theoretically the peak is symmetric, but 
apparent asymmetric peak in spectra‘s is due to the survival of the band, which is observed by many researchers. 
The peak becomes sharper and narrower with increasing pyrolysis temperature, while band disappears gradually 
which indicates the reduction of aliphatic nature in chars. The shift of the peak towards higher angle was clearly 
observed as higher pyrolysis temperature, which signifies the increase of aromatic nature and structural ordering in 
chars, which is noticeable in the spectra.
Figure 7. XRD of char
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4. Conclusions  
 
Microwave pyrolysis seems to have an auspicious future as a waste treatment method. Up to now research in 
microwave pyrolysis has been focussed on its application in treating one particular type of polymer such as LDPE, 
HDPE etc. But this study focuses on the mixture of waste plastics which includes other impurities also. GC/MS, 
FTIR and TGA analysis proved an effective tool to illustrate the products produced from the microwave-assisted 
pyrolysis of plastics. Indeed, the condensate produced could be used as a transport fuel relatively easily, though the 
aromatic fraction may have to be separated in order to comply with maximum limits for these compounds in these 
applications. This aromatic fraction is highly valuable in and of itself, with uses such as solvents, and as precursors 
for a wide variety of compounds including drugs, lubricants, detergents, plastics (e.g., polystyrene, polycarbonate), 
and explosives. The characterisation of char using SEM and XRD revealed that it can be used as a component in tar 
because of its surface morphology and amorphous nature. However, despite the variety of research that has been 
conducted on microwave pyrolysis, the progress of industrial microwave heating applications is hampered by an 
apparent lack of the understanding of microwave systems. And there is also limited information available on the 
economic evaluation of the other pyrolysis processes in the literature, thus no economic comparisons have been 
done till date. Subsequently, despite the advantages shown by microwave pyrolysis, the use of this technology for 
waste treatment has not been extensively exploited. 
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